The DevSR two-component system is a major regulatory system involved in redox sensing in Mycobacterium smegmatis. The DevSR system consists of the DevS histidine kinase and its cognate DevR response regulator. When exposed to hypoxic conditions, the DevS histidine kinase is activated to phosphorylate the DevR response regulator, leading to the transcriptional activation of the DevR regulation. The ligand-binding state of the heme embedded in the N-terminal GAF domain of DevS determines the kinase activity of DevS. In this study, we demonstrated that the redox-responsive cysteine (C547) in the C-terminal kinase domain is involved in the redox-dependent control of DevS kinase activity. The formation of an intersubunit disulfide bond between the C547 residues in the presence of O2 led to inactivation of DevS kinase activity. The reduction of the oxidized DevS with reductants such as β-mercaptoethanol and dithiothreitol resulted in the restoration of DevS kinase activity. It was demonstrated in vivo by complementation test that the substitution of C547 to alanine partially impaired the sensory function of DevS in M. smegmatis.
Introduction
Mycobacterium smegmatis is a fast-growing and obligately aerobic mycobacterium. When the growth condition of M. smegmatis is transited from aerobic to hypoxic conditions in a gradual way, the genes under the control of the DevSR two-component system are induced such that the bacterium is prepared to enter the nonreplicating, latent state [5, 7, 8, 12, 29, 30] . The DevSR two-component system consists of the DevS histidine kinase (HK) and its cognate DevR response regulator (RR) [18, 20, 21] . The DevS HK is composed of the N-terminal sensory domain with two tandem GAF domains (GAF-A and GAF-B from its N-terminus) and the C-terminal HK domain [2, 19] . The GAF-A domain serves as a heme-binding domain and comprises a β-sheet composed of five antiparellel β-strands and four α-helices [2, 19] . A b-type heme is positioned in the heme-binding pocket formed between the β-sheet and the long loop between α2-and α3-helices [2, 10, 19, 23] . The ligand-binding state at the distal axial position of the DevS heme was demonstrated to control the kinase activity of DevS [14] . The O2-bound (oxyferrous) form of DevS is inactive, whereas the unliganded ferrous (deoxyferrous) as well as the NO-bound form is active [14] .
In this paper, we report the evidence that C547 of DevS is involved in inactivation of DevS HK activity in the presence of O2 and discuss the implications of this finding in terms of oxygen-sensory function of DevS.
Materials and Methods

Bacterial strains, plasmids, and culture conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . M. smegmatis strains were grown aerobically on Middlebrook 7H9 medium (Difco, Sparks, MD) supplemented with 0.2% (w/v) glucose at 37 o C. When required, hygromycin (50 μg/ml) was added to the growth medium.
To prevent clumping of bacterial cells, tween 80 was added in 7H9 medium to a final concentration of 0.02% (v/v). M. smegmatis strains were grown either aerobically in a 250-ml Erlenmeyer flask filled with 100 ml of 7H9-glucose medium on a gyratory shaker (200 rpm) to an optical density at 600 nm (OD600) of 0.5 or under hypoxic conditions in a 250-ml flask filled with 150 ml of 7H9-glucose medium and tightly sealed with a rubber septum on a gyratory shaker (200 rpm) for 15 hr following inoculation of the medium with aerobically grown preculture to OD600 of 0.05, which allowed a 
DNA manipulation and electroporation techniques
Standard protocols or manufacturer's instructions were followed for recombinant DNA manipulations [22] . The introduction of plasmids into M. smegmatis strains was carried out as described elsewhere [25] .
Site-directed mutagenesis
To mutate H150, C422, and C547 of DevS to alanine, site-directed mutagenesis was performed using the plasmid pUCSHis as the template plasmid and the Quick Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).
Synthetic oligonucleotides 33 bases long containing an alanine codon in place of the histidine or cysteine codon in the middle of their sequences were used to mutagenize the histidine or cysteine codon, respectively. Mutation was verified by DNA sequencing. For the construction of plasmids for complementation test, 1.7-kb BamHI fragments from the mutated pUCSHis plasmids were cloned into pNBV1 with devS being collinear to lacZ, yielding pNBV1SH150A, pNBV1SC422A, and pNBV1SC547A. For the construction of the overexpression plasmids, pT7SIHis was directly employed as the template for site-directed mutagenesis and the resulting plasmids were pT7SIC422A and pT7SIC547A.
Protein purification
Intact DevS: The E. coli BL21 (DE3) strain carrying pT7SIHis, pT7SIC422A or pT7SIC547A was grown in LB medium containing 100 μg/ml ampicillin aerobically at 
Determination of protein concentration and nonreducing SDS-PAGE
Protein concentration was determined by the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard protein. Non-reducing SDS-PAGE was conducted using the sample buffer without β-mercaptoethanol and DTT in the same way as SDS-PAGE.
Quantitative real-time PCR (qRT-PCR)
RNA isolation from M. smegmatis strains was carried out as described elsewhere [17] Green supermix (Bio-Rad), and 7 μl of distilled H2O.
Thermal cycling began with the initial step at 94℃ for 5 min and followed by 40 cycles of 94℃ for 1 min, 52℃ for 30 sec, and 72℃ for 14 sec. qRT-PCR data were analyzed by MJ Opiconmonitor analysis software version 3.1 (Bio-Rad).
Results and Discussion
Inactivation of DevS under oxidizing conditions
The intact DevS and truncated form of DevS (C-DevS)
proteins were heterologously overexpressed in E. coli and purified to a homogeneity. When DevS was purified under reducing conditions, i.e., in the presence of 20 mM β -mercaptoethanol in all the buffer solutions used during the purification procedure, the purified DevS protein showed autokinase activity (Fig. 1) . In contrast, when DevS was purified under oxidizing conditions in the absence of β -mercatoethanol, the purified protein did not exhibit autokinase activity. To investigate whether the N-terminal sensory domain of DevS is responsible for inactivation of DevS under oxidizing conditions, the autophosphorylation assay was performed using C-DevS in which 343 N-terminal amino acids have been removed. As shown in Fig. 1 , the C-DevS protein purified in the presence of β-mercaptoethanol had autokinase activity, where that purified in the absence of β-mercaptoethanol did not show autokinase activity like the intact DevS. This result indicates that the DevS HK is inactivated in air without β-mercaptoethanol and that the C-terminal kinase domain of DevS, but not its N-terminal sensory domain containing heme, is involved in inactivation of DevS kinase activity.
We next examined whether the treatment of the oxidized DevS with various reductants led to a restoration of DevS kinase activity. As shown in Fig. 2 , the reduction of DevS purified in the absence of β-mercaptoethaol with either β -mercaptoethanol or DTT brought about the restoration of DevS kinase activity, while the treatment of the DevS protein with ascorbate or reduced glutathione did not. As expected, the DevS protein purified in the presence of β-mercaptoethanol displayed strong autokinase activity. This result strongly suggests that inactivation of DevS kinase activity in air in the absence of any reductants may be due to the formation of (a) disulfide bond(s) between cysteine residues in the C-terminal kinase domain of DevS, since β-mercaptoethanol and DTT are strong reductants that can reduce a disulfide bond to the thiol groups.
Disulfide bond formation is involved in the inactivation of DevS under oxidizing conditions
We examined the primary sequence of the C-terminal kinase domain of DevS corresponding to C-DevS and found that two cysteines residues (C422 and C547) occur in the C-terminal kinase domain of DevS. In order to assess whether these cysteine residues are involved in the formation of the disulfide bond, we replaced C422 and C547 with alanine by site directed mutagenesis and subjected the mutant forms of DevS (C422A DevS and C547A DevS) purified under oxidizing conditions to non-reducing SDS-PAGE (Fig. 3) . As the controls, the wild-type (WT) DevS and C-DevS were also To examine the effect of C422A and C547A mutations on the kinase activity of DevS, we purified the WT and mutant forms of DevS in the presence or absence of β-mercaptoethanol and determined their autokinase activities. As shown in Fig. 4 , the autokinase activities of both WT DevS and C422A
DevS were inactivated when the proteins were purified in the absence of β-mercaptoethanol. In contrast, C547A DevS purified in the absence of β-mercaptoethanol showed the similar levels of autokinase activity to that purified in the likely due to O2 sensing by heme in its N-terminal sensory domain.
Model for O2 sensing by DevS HK
On the basis of the results presented here as well as those reported previously, we present a model for O2 sensing by DevS HK. The N-terminal domain of DevS contains two tandem GAF domains (GAF-A and GAF-B) [19, 23] . The GAF-A domain serves as the heme-binding domain [2, 19] . The ligand-binding state of the heme in DevS determines its kinase activity [13, 14, 26] . The heme in DevS is in a deoxy-ferrous form under oxygen-limiting (hypoxic) and anaerobic conditions and is converted to an oxy-ferrous form under aerobic conditions [13, 14, 26] . The DevS HK with the deoxy-ferrous heme possesses the active kinase activity, whereas that with the oxy-ferrous heme does not [13, 14, 26] .
Therefore, when M. smegmatis is transitted from aerobic conditions to hypoxic conditions, the DevR RR is phosphory- Rhodobacter capsulatus and the ArcB HK of E. coli [15, 27] . In both the cases, the formation of the disulfide bond leads to inactivation of autokinase activities of the proteins. Exposure of RegB to oxidizing conditions results in the formation of an intermolecular disulfide bond at C265, which is similar to the case of DevS [27] . ArcB was also shown to be inactivated by the formation of intermolecular disulfide bonds [15] . The conversion of the thiol groups of C180 and C241
to the disulfides is caused not directly by O2 but by oxidized quinones in the respiratory electron transport chain [15] . 
